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The unique property of bilayer graphene to show a band gap tunable by external electrical fields 
enables a variety of different device concepts with novel functionalities for electronic, optoelectronic 
and sensor applications. So far the operation of bilayer graphene based field effect transistors 
requires two individual gates to vary the channel's conductance and to create a band gap. In this 
paper we report on a method to increase the on/off ratio in single gated bilayer graphene field effect 
transistors by adsorbate doping. The adsorbate dopants on the upper side of the graphene establish 
a displacement field perpendicular to the graphene surface breaking the inversion symmetry of the 
two graphene layers. Low temperature measurements indicate, that the increased on/off ratio is 
caused by the opening of a mobility gap. Beside field effect transistors the presented approach can 
also be employed for other bilayer graphene based devices like photodetectors for THz to infrared 
radiation, chemical sensors and in more sophisticated structures such as antidot- or superlattices 
where an artificial potential landscape has to be created. 



The emergence of the 2-dimensional material graphene 
[IHl] has aimed a lot of research in the electron device 
community towards the realization of graphene based 
field effect transistors (FET). Creating a band gap to 
increase the on/off ratio of graphene FETs is one of the 
major challenges for using such devices in real applica- 
tions [5j. Therefore several concepts have been proposed, 
whereof lateral confinement [6l [7] and the application 
of a perpendicular electric field to bilayer graphene [8]- 
[TO] are probably the most promising ones. While there 
is currently no method to fabricate sufficiently narrow 
graphene nanoribbons by a top-down approach reliably, 
the situation is different for bilayer graphene with an 
electric field perpendicular to the basal plane. A band 
gap reaching values up to 250 meV has been observed 
by optical methods in micron-scale bilayer graphene de- 
vices [TTl [12]. However, increasing the on/off ratio in 
bilayer graphene FETs by a perpendicular electric field 
is more challenging as potential fluctuations and disorder 
enhance conductance in the off-state [TSHIS] and thus re- 
duce the on/off ratio. Recently quite high on/off ratios 
close to 100 at room temperature were achieved ^16^ il7j. 
In both experiments a top and a bottom gate were nec- 
essary to create a band gap and to vary the charge car- 
rier concentrations simultaneously. From a technological 
point of view the control of a transistor's conductance by 
only one gate electrode is desired and hence one gate elec- 
trode has to be replaced. The creation of a band gap in 
bilayer graphene by adsorbate doping has already been 
observed by angle resolved photoemission spectroscopy 
[18] and by magnetotransport measurements at low tem- 
peratures [9] . In the present work we show that this ap- 
proach can be used to increase the on/off ratio in single- 
gated bilayer graphene FETs. Beside FETs the presented 
method has also large potentials for optoelectronic appli- 



cations such as THz-detectors [T9^ or the creation of more 
sophisticated potential landscapes necessary in antidot 
lattices and superlattices |20[ |2T] . In addition a clear un- 
derstanding of adsorbate induced band gap modifications 
provides the scientific base for further development in the 
area of ultra sensitive sensors. 

In this work we fabricated back gated bilayer graphene 
field effect transistors, where the top side was freely ac- 
cessible for adsorbate doping. We note that to observe 
the reported effects a proper substrate pretreatment and 
sample preparation is crucial. We used highly p-doped 
Si wafers covered with 90 nm thermally grown Si02 as 
a substrate. Prior to the graphene deposition the sub- 
strate was coated with hexamethyldisilazane (HMDS) in 
a chemical vapor deposition process. The HMDS coat- 
ing makes the Si02 substrate highly hydrophobic and 
reduces the hysteresis and intrinsic doping concentra- 
tion of graphene based FETs [22 . Subsequently, the 
graphene was exfoliated with an adhesive tape from a 
natural graphite crystal and deposited on the substrate. 
Bilayer graphene flakes were identified using optical mi- 
croscopy and contrast determination of the graphene rel- 
ative to the substrate [23]. For some flakes Raman spec- 
troscopy was used to verify their bilayer nature [M] • Af- 
ter graphene deposition the contact electrodes were fabri- 
cated by optical lithography, sputter deposition of 40 nm 
nickel and a subsequent lift-off process. A schematic 
of the device stack is depicted in the inset of Fig. 1. 
We applied two different approaches to dope the upper 
graphene plane, one for p-type and one for n-type dop- 
ing. The exposure of the fabricated graphene FETs to 
ambient atmosphere leads to a p-doping of the graphene. 
The doping is attributed to the absorption of water [2S] 
or oxygen [26] molecules which are weakly bonded to the 
graphene surface. Although this method is not suited for 
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FIG. 1. Sheet resistance of a n-type, p-type and an un- 
doped bilayer graphene FET as a function of the apphed back 
gate voltage measured at room temperature in nitrogen atmo- 
sphere. The inset shows a schematic of a graphene FET. The 
doping by adsorbates is indicated. 




FIG. 2. Transfer characteristics of a bilayer graphene device 
after fabrication and atmospheric doping (filled squares) and 
subsequent annealing at 50 °C (circles), 100 °C (diamonds) 
and 150 °C (open squares) in nitrogen atmosphere. Mea- 
surements were performed at room temperature in nitrogen 
atmosphere. 



device fabrication because of its experimental character, 
it is rather simple to perform and allows a stepwise re- 
moving of the dopants by annealing and hence a quasi 
continuous tuning of the doping level. Our second ap- 
proach is based on thermal evaporation of a 1 nm thin 
aluminum layer, which oxidizes immediately when ex- 
posed to ambient atmosphere. Aluminum causes a quite 
strong n-type doping in graphene [27]. In both cases 
the doping effect on the graphene is caused by a charge 
transfer between the adsorbates and the graphene. 

The samples were measured in a needle probe station 
in nitrogen atmosphere (room temperature and above) 
and in vacuum (below room temperature). For electri- 
cal characterization a HP 4156 semiconductor parameter 
analyzer was used. The samples were characterized in 
a quasi four probe configuration with invasive contact 
electrodes at a constant source drain current of 10 jaA. 
The sheet resistance psQ as a function of the applied 
back gate voltage Vbg of two freshly fabricated bilayer 
graphene devices with n-type (aluminum) and p-type (at- 
mospheric) doping are depicted in Fig. 1 together with 
the characteristics of an undoped device, where atmo- 
spheric dopants were removed by an in-situ annealing at 
200° C. The transfer characteristic of the undoped device 
is quite typical for a bilayer graphene FET without a 
band gap, having a sheet resistance psQ of 8.7 kl] at the 
charge neutrality point (CNP). Due to the doping not 
only the CNP shifted to larger values (-42 V for n-type 
doping and +32 V for p-type doping), but also the resis- 
tance at the CNP increased. For better comparability, we 
define the on/off ratio of a device as a figure of merit by 
the ratio of the resistance at the CNP and the resistance 
at a carrier concentration of 10^^ cm~^. While the on/off 
ratio of the undoped device is around 8, the on/off ratios 



of the n-type and p-type device reach values of 29 and 
20, respectively. Previous investigations on double-gated 
bilayer graphene FETs [161 Hi] showed similar behavior, 
which was related to the opening of an energy gap due to 
symmetry breaking by the perpendicularly applied elec- 
tric field. 

To ensure that the observed effect is related to the 
surface dopants on the graphene we annealed several at- 
mospherically doped samples in a nitrogen atmosphere to 
reduce the doping concentration. Annealing is a reliable 
method to remove volatile adsorbates from the graphene 
surface [28 . Fig. 2 shows the transfer characteristics of a 
graphene device, where the surface doping was removed 
by consecutive in-situ annealing steps at 50 °C, 100 °C 
and 150 °C in nitrogen atmosphere. Due to the step- 
wise annealing not only the CNP shifted towards zero 
back gate voltage, but also the resistance at the CNP 
and the on/off ratio decreased from 26 kQ to 8.7 kQ 
and from 20 to 8, respectively. We note that subse- 
quent exposure to ambient atmosphere after annealing, 
although restoring the initial p-type doping, leads to a 
significantly lower on/off ratio. The field effect mobil- 
ity /i = d{l / psQ)/dVBG X CgQ of the sample measured 
at a carrier concentration of 10^^ cm~^ did not change 
significantly due to the annealing and was approx. 1400 
cm^/Vs before and after annealing. Here Csq denotes 
the back gate capacitance per area (38 nF/cm^ in our 
devices). We investigated in total 10 individual sam- 
ples with atmospheric doping, which all showed simi- 
lar behavior. In Fig. 3 the on/off ratios of all investi- 
gated devices are plotted as a function of their respective 
back gate voltage at the CNP. For better comparability, 
we calculate the applied electric displacement field using 
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FIG. 3. On/off-ratio as a function of the back-gate voltage at 
the charge neutraUty point YbG-Cnp of several devices. All 
measurements have been performed in nitrogen atmosphere 
and at room temperature. 



D = erVBc/dox with = 3.9 and oxide thickness dox 
= 90 nm. 

The devices doped by a 1 nm thin Al layer all showed a 
strong n-type doping with the CNP located at back-gate 
voltages ranging from -20 to -50 V (see Fig. 3). This cor- 
responds to a displacement field D of -0.9 to -2.2 V/nm. 
In these devices the on/off ratio reached values from 18 
to 44, which is slightly larger than the values achieved by 
atmospheric doping at similar displacement fields. This 
difference can hardly be explained by a difference in the 
mobility [29 , as the field effect mobility of the Al and 
atmospheric doped samples was in the same range, both 
ranging from 900 to 1400 cm^/Vs. Thus we assume that 
the higher on/off ratio in the aluminium doped devices 
is related to smaller potential fluctuations and disorder, 
as these are also expected to be a limiting factor for high 
on/off ratios in double gated bilayer FETs p!3HT5] . The 
on/off ratios at a displacement field of 1.7 V/nm ob- 
tained by adsorbate doping in the present work (^40 
by aluminum doping) are comparable to those achieved 
in double gated devices (74 [16 and 33 [17 ). Therefore 
adsorbate doping is an applicable solution for replacing a 
constantly biased gate electrode in double gated bilayer 
FETs. 

Low temperature transport measurements were per- 
formed on three atmospherically doped devices to in- 
vestigate the physical origin of the increased on/off ra- 
tios. Fig. 4 shows the transfer characteristics of a bi- 
layer graphene device at temperatures between 190 and 
10 K. At the CNP, we observe an increase of the resistiv- 
ity with decreasing temperature, while at higher charge 
carrier densities, i.e. for Vbg = 30 V and V, the resis- 
tivity is nearly constant. The temperature dependency 
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FIG. 4. Transfer characteristics at temperatures from 190 K 
down to 10 K. Inset: Normalized resistance at CNP as a func- 
tion of inverse temperature T~^ for three different devices. 



of the resistance indicates that an energy gap is present 
at the CNP and that at higher carrier concentration the 
mobility is independent on the temperature. In the in- 
set of Fig. 4 the normalized resistance at the CNP is 
shown for three devices as a function of the reciprocal 
temperature. Starting at room temperature Rcnp in- 
creases exponentially with decreasing temperature down 
to around 170 K. This exponential increase is indicated 
by the sketched straight lines. For temperatures below 
170 K the increase of the resistance with decreasing tem- 
peratures is weaker than for higher temperatures and 
starts to saturate. A similar temperature dependence 
was previously observed in several experiments on dou- 
ble gated bilayer graphene devices (e.g. (TSHISl [29] ) . Zou 
et al. [14 and Miyazaki et al. [29] argue that at tem- 
peratures close to room temperature transport in double 
gated bilayer graphene is mediated by thermal activa- 
tion of carriers to the edge of a mobility gap, generated 
by the applied electric displacement field. Therefore we 
attribute the high on/off ratios observed in our experi- 
ments to the opening of a mobility gap. This mobility 
gap is caused by a symmetry breaking electric displace- 
ment field generated by the adsorbate doping on top and 
the applied back-gate voltage. 

From the resistance increase at temperatures between 
300 and 150 K the size of the mobility gap can be de- 
termined. With the sketched straight lines the mobility 
gap is calculated to values of 40 meV for device A (CNP 
located at 17 V back gate voltage) and 80 meV for device 
C (CNP located at 35 V back gate voltage). These val- 
ues of the mobility gap size are in good accordance with 
the results obtained on double gated bilayer graphene de- 
vices at comparable displacement fields [HI [161 [13 • De- 
vice B shows a mobility gap of 52 meV, which is smaller 
than expected for a CNP at 57 V {0=2.4 V/nm). We 
attribute this to a degradation of the device through re- 
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peated annealing and exposing to ambient air before the 
low temperature measurements were performed. 

In summary, we have investigated the influence of at- 
mospheric and aluminum adsorbate doping on the trans- 
port properties in bilayer graphene FETs. We have 
shown that the on/off ration of bilayer graphene FETs 
can be increased significantly by adsorbate doping, reach- 
ing values comparable to those measured in double gated 
bilayer FETs. The increased on/off ratio can be at- 
tributed to the opening of a mobility gap due to sym- 
metry breaking, similar to double gated bilayer FETs. 
Therefore adsorbate doping is ideally suited for operat- 
ing bilayer FETs with only one gate electrode or for re- 
alizing more complex devices like bilayer tunneling FETs 
[30] . Furthermore, our approach paves the way for opto- 
electronic devices such as THz detectors or ultra sensitive 
sensors and enables the creation of superlattice structures 
on graphene by forming an artificial potential landscape. 
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